Edible bird's nest (EBN) is the nest of the swift that is made from its saliva. Although EBN has been widely used for enhancing immunocompetence, its antiviral efficacy has not been studied in detail. We found that EBN extract could strongly inhibit infection with influenza viruses in a host range-independent manner when it was hydrolyzed with Pancreatin F. Western blotting assay showed that the EBN extract bound to influenza virus. Furthermore, EBN extract could neutralize the infection of MDCK cells with influenza viruses and inhibit hemagglutination of influenza viruses to erythrocytes, but it could not inhibit the activity of influenza virus sialidase. Fluorometric HPLC indicated that the major molecular species of sialic acid in EBN is N-acetylneuraminic acid. The results suggest that EBN is a safe and valid natural source for the prevention of influenza viruses.
Introduction
Edible bird's nest (EBN) is the nest of the swift that is made from its saliva, which contains sialylglycoconjugates. The composition of the swift's saliva resembles that of salivary mucin. Many studies have been carried out on the tonic effects of EBN, and it has been shown that EBN stimulates mitosis hormones and the growth factor for epidermal growth, resulting in repair of cells and stimulation of the immune system (Kong et al., 1987; Ng et al., 1986) . Recently, several carbohydrate molecules, including new sialic acid-containing compounds and glycoconjugates, have been detected in EBN (Pozsgay et al., 1987; Reuter et al., 1989; Wieruszeski et al., 1987; Kakehi et al., 1994; Martin et al., 1977; Yu-Qin et al., 2000) , but the importance of sialic acid residues in EBN is not clear.
Sialic acid residues of many glycoconjugates are involved in biologically important ligand-receptor interactions such as specific cell-to-cell, pathogen-to-cell, or drug-to-cell interactions. We found that an EBN extract could neutralize infection with influenza viruses in MDCK cells and inhibit the hemagglutination of influenza A viruses (such as human, avian, and porcine strains) to human erythrocytes.
Materials and methods

Edible bird's nest (EBN) extract
We used two kinds of samples from bird nests collected in Indonesia. Sample 1 (S1) was obtained from a bird's nest collected in a natural cave and sample 2 (S2) was obtained from a bird's nest that had been house-cultured. The bird's nests were dried for 16 h at 70 • C and then ground and sifted through a mesh (600 M in pore size) for combing out plume and foreign substances. The grounded samples were kept in distilled water (5 g sample/200 ml water) at 5 • C for 16 h and then heated at 100 • C for 30 min. The suspension was treated with Pancreatin F (final concentration of 0.5 mg/ml, Amano Enzyme Inc., Japan) at 45 • C for 4 h at pH 8.5-9.0 and then heated at 90 • C for 5 min for enzyme deactivation. The treated extracts were filtrated with a filter paper (ADVANTEC filter paper no. 2), and the filtrate was freeze-dried. For neuraminidase treatment, the EBN extracts were incubated in PBS containing 200 mU/ml of neuraminidase from C. perfringens (N2876, Sigma) for 2 h at 37 • C and then heated at 90 • C for 5 min for enzyme deactivation.
Cells and viruses
Madin-Darby canine kidney (MDCK) cells were cultured in Eagle's minimum essential medium (EMEM; Nissui Pharmaceutical Co., Ltd., Japan) containing 5% (v/v) heat-inactivated fetal calf serum (FCS; Biological Industries). Human lung carcinoma A549 cells were purchased from ATCC and cultured in Dulbecco's modified eagle medium (DMEM; Nissui Pharmaceutical Co., Ltd.) supplemented with 10% (v/v) heat-inactivated FCS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycine (Gibco) at 37 • C in humidified air containing 5% CO 2 .
The influenza viruses used in this study (except strains A/Shizuoka/450/05 and A/Shizuoka/451/05, see Table 1 ) were propagated in the allantoic sacs of 11-day-old embryonated eggs and purified by sucrose density gradient centrifugation (Suzuki et al., 1980) . A/Shizuoka/450/05 (H3N2) and A/Shizuoka/451/05 (H3N2) strains were grown with A549 cell monolayers in FCS-free DMEM supplemented with 2 g/ml acetyl-trypsin, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycine at 34.5 • C in humidified air containing 5% CO 2 . Viral HA units were determined in micrometer plates using 0.5% human type O erythrocytes as described previously (Suzuki et al., 1983) . Rabbit anti-influenza virus antibodies were raised by immunization of A/Memphis/1/71 (H3N2) virus grown in eggs as described previously (Suzuki et al., 1987) .
Hemagglutination inhibition assay
Hemagglutination inhibition (HAI) assay was carried out using 96-well microtiter plates as described previously (Suzuki et al., 1983) . Phosphate-buffered saline (PBS, pH 6.5) containing 0.01% gelatin was used as a dilution buffer. Human erythrocytes were used as indicator cells. Virus suspension (4 HA units in 0.025 ml of PBS) was added to each well containing the EBN extract in two-fold serial dilutions with the dilution buffer. The plates were incubated for 1 h at 4 • C. After 0.05 ml of 0.5% (v/v) human type O erythrocytes, in which the total sialic acid content for blood group O is 10-fold higher than that for blood group A or B (Bulai et al., 2003) , in PBS had been added to the plates, the plates were kept for 1 h at 4 • C. The maximum dilution of the samples showing complete inhibition of hemagglutination was defined as the HAI titer.
Sialidase inhibition assay
A fluorometric assay was used to determine the inhibitory effect of the EBN extract on influenza virus sialidase activity (Suzuki et al., 1992) . Five microliters of influenza virus suspension (500 ng protein) in 50 mM sodium acetate buffer (pH 5.5) containing two-fold serial dilution of the EBN extracts was stored at 37 • C for 30 min and then incubated with 5 l of 4 mM 2 -(4-methylumbelliferyl)-␣-d-N-acetylneuraminic acid (4-MU-Neu5Ac) (Sigma-Aldrich, St. Louis, MO) at 37 • C for 30 min. The reaction was stopped by the addition of 1 ml carbonate buffer (pH 10.7). The fluorescence of the released 4methylumbelliferone was measured with a fluorescence spectrophotometer (F-4010; Hitachi, Tokyo) with excitation at 355 nm and emission at 460 nm.
Neutralization assay
Neutralization of influenza virus by the EBN extract was determined as previously described (Guo et al., 2002) . Briefly, MDCK cell monolayers were maintained in EMEM containing 5% FCS in a 96-well plate. One hundred microliters of TCID50 (50% tissue culture infectious dose) of viruses in the presence of the EBN extract (0.5-4000 g/ml) was inoculated at 34.5 • C for 2 h. After removal of the inoculum, the monolayers were washed three times with EMEM. The cells were examined using a light microscope for the progression of viral-induced cytopathic effects (CPE) after incubation at 34.5 • C for 20 h. Lactate dehydrogenase (LDH) that was released from MDCK cells was examined for virus neutralization by a slightly modified colorimetric assay. LDH activities in the medium were determined according to the manufacturer's instructions. Briefly, the medium (0.0125 ml) was diluted to 1:4 (v/v) with PBS and mixed with 0.05 ml of LDH reagent (Shinotest, Japan). The mixture was incubated at 37 • C for 10 min, and the reaction was stopped by the addition of 0.1 ml of 0.5N HCl. Absorbance was measured at 550 nm (reference at 630 nm). The assays were performed in triplicate for three independent experiments. As cytopathic effects appear on all cells, the LDH activity was indicated 100% as a relative activity.
Western blot-virus binding assay
Western blotting was used to detect the binding activity of the viruses to the glycoprotein from the EBN extracts. Total amounts (100 g) of proteins from the EBN extracts were subjected to SDS-PAGE through a 10-15% polyacrylamide running gel. Proteins were electrophoretically transferred to immune-blot PVDF membranes (Bio-Rad Lab., USA). The membranes were blocked for 1 h in PBS containing 3% skin milk and 0.1% Tween-20. Binding of proteins to influenza virus (A/Aichi/2/68 (H3N2), 256 HAU/ml) was carried out at 4 • C by incubation overnight (more than 12 h) and then probing with anti-H3N2 (anti-Mem) rabbit serum at a dilution of 1:1000, followed by horseradish peroxidase (HRP)-conjugated protein A (ICN Pharmaceuticals Inc.) at a dilution of 1:1000. Finally, the immunoreactive proteins were visualized using a solution containing 100 mM citrate buffer (pH 6.0), 60 mM N,N-dimethyl-p-phenylenediamine dihydrochloride in acetonitrile, 100 mM 4-chloro-1-naphthol in acetonitrile, and 3% H 2 O 2 aqueous (5:1:1:0.005, by volume) for 15 min at room temperature.
Fluorometric HPLC method for determination of molecular species of sialic acids
Fluorometric determination of 5-N-acetyl-neuraminic acid (Neu5Ac) and 5-N-glycolylneuraminic acid (Neu5Gc) was conducted by a high-performance liquid chromatography (HPLC) method using 1,2-diamino-4,5-methylenedioxy-benzene (DMB) as previously described (Suzuki et al., 1996) . The EBN extract was hydrolyzed with 200 l of 25 mM sulfuric acid. The hydrolysate was reacted with DMB reagent and heated at 60 • C for 2.5 h in the dark to develop fluorescence for determination of sialic acids. A 10-l aliquot of the resulting solution was used for determination of sialic acids. The fluorescence of DMB derivatives was detected at an excitation wavelength of 373 nm and an emission wavelength of 448 nm. For the establishment of calibration curves, standard mixtures of Neu5Ac and Neu5Gc (Sigma, USA) were used.
Lectin blotting method for determination of sialic acid linkages
To identify sialyoligosaccharides reactive with sialic acid (SA) ␣2,3galactose (Gal)-or SA␣2,6Gal-specific lectins (glycan determination kit; Boehringer Mannheim Biochemicals, Mannheim, Germany), each section was incubated with 50 l of digoxigenin (DIG)-labeled Sambucus nigra agglutinin (SNA) lectin [1 g/ml; specific for SA␣2,6Gal/Nacetylgalactosaminide (GalNac)] or Maackia amurensis agglutinin (MAA) lectin (5 g/ml; specific for SA␣2,3Gal) for 1 h at room temperature. After three washes with cold PBS, the membrane was incubated with HRP-conjugated anti-DIG antibody (Boehringer Mannheim Biochemicals) for 1 h at room temperature and then after three additional washes in cold PBS and buffered glycerol (pH 9.0) were visualized according to the protocol provided by the manufacturer (glycan determination kit; Boehringer Mannheim Biochemicals).
Results
Binding of the EBN extract to influenza virus
In order to check the reaction of EBN extract with influenza viruses, we used the human influenza virus strain A/Aichi/2/68 (H3N2), which bound to both sialyl ␣2-3 and ␣2-6 galactose linkages in salylglycoproteins and sialylglycolipids, and carried out an SDS-PAGE Western blotting assay to analyze the glycoprotein molecules. As shown in Fig. 1 , strain A/Aichi/2/68 could bind to the EBN extract both treated (molecular weight is lower than 25 kDa) and not treated (molecular weight is over than 50 kDa) with a pancreatic enzyme that hydrolyzes protein to polypeptide (Fig. 1A) . The virus binding activity of EBN extract from S1 (from a bird's nest collected in a cave) was stronger than that of EBN extract from S2 (from a house-cultured nest). Furthermore, the effect of EBN extract from S1 was markedly reduced after treatment with neuraminidase ( Fig. 1B) , indicating that the virus binding is associated with sialic acid of the EBN. 
Inhibitory effect of EBN extract on influenza virus infection independent of virus strain
To measure the biological response of the EBN extract, we carried out an HAI assay and a neutralization assay (Suzuki et al., 1997) . As shown in Fig. 2A , in case of no treatment with the pancreatic enzyme, neither the EBN extract from S1 nor that from S2 inhibited the hemagglutination of influenza A virus (strain A/Aichi/2/68) to human type O erythrocytes. However, EBN extracts (S1-Pan and S2-Pan) treated with Pancreatin F at 37 • C for 4 h had stronger HAI activities. The HAI activities of the extracts from S1-Pan and S2-Pan were 4 or 125 g/ml, respectively. The difference in their HAI activities indicates that S1-Pan and S2-Pan contain different sialylconjugates, such as sialic acidic species and linkages of sialic acid to galactose. On the other hand, after treatment with both the pancreatic enzyme and neuraminidase, the EBN extracts from S1 (S1-Pan-NA) and S2 (S2-Pan-NA) had a reducing effect.
We also investigated the neutralization of infection with influenza A virus (strain A/Aichi/2/68) in MDCK cells by the EBN extract. As shown in Fig. 2B , the results were similar to those of the HAI assay. The inhibitory effect of the EBN Fig. 2 . Effects of the EBN extracts from S1 and S2 treated with Pancreatin F (Pan) and/or a neuraminidase (NA) on the inhibitory effects of hemagglutinin of influenza virus (A/Aichi/2/68) (A) and the neutralization (B) of influenza virus infection as described in Section 2. S1 (the wild EBN) and S2 (the cultured EBN) are EBN extracts that were not treated with any enzyme. S1-Pan and S2-Pan are EBN extracts which were treated with Pancreatin F (final concentration of 0.5 mg/ml) at 45 • C for 4 h at pH 8.5-9.0. S1-Pan-NA and S2-Pan-NA are S1-Pan and S2-Pan that were further treated with 200 mU/ml of neuraminidase from C. perfringens (N2876, Sigma) at 37 • C for 2 h. The starting dilution concentration of the EBN extracts is 4 mg/ml. extract from S1 treated with Pancreatin F (S1-Pan) on strain A/Aichi/2/68 was stronger (IC 50 , ∼80 g/ml) than that of the EBN extract from S2 (IC 50 , ∼400 g/ml). After treatment with neuraminidase, the inhibitory effects of the EBN extracts (S1-Pan-NA and S2-Pan-NA) were 10-fold and 3-fold less than those of S1-Pan and S2-Pan, respectively.
Taken together, the results showed that the EBN extract from S1 after treatment with a pancreatic enzyme has stronger inhibitory activity than that of the EBN extract without enzyme treatment. The results indicate that the lower molecular peptides (10-25 kDa) compared with the higher molecular protein (over than 50 kDa) of the EBN extract are propitious to inhibit influenza A virus infection. On the other hand, the EBN extract (4 mg/ml) did not inhibit the neuraminidase activity of influenza viruses as using 4 mg/ml of their higher concentration (data not shown), indicating that the EBN extract acts on viral hemagglutinin but not viral neuramindase.
In the HAI and neutralization experiments, the EBN extract at 4 mg/ml had no side effects, such as hemolysis and cytolysis, on human erythrocytes and MDCK cells.
We further tested the effects of the EBN extracts (S1-Pan and S2-Pan) against on 19 strains isolated from humans, ducks, and pigs. As shown in Table 1 , the EBN extracts (S1-Pan and S2-Pan) had strong effects on the HAI and neutralization of all influenza viruses used in this test, indicating that its effect is independent of virus strain.
Analysis of sialic acid molecular species and linkages in the EBN extract
Many studies have indicated that various bird nests have abundant sialic acid-containing sugar chains (Pozsgay et al., 1987; Reuter et al., 1989; Wieruszeski et al., 1987; Kakehi et al., 1994; Martin et al., 1977) . In order to determine the mechanism underlying the antiviral effect of EBN extract, we carried out fluorometric HPLC and a lectin binding assay for analyzing the molecular species of sialic acid and the linkage between sialic acid and galactose.
Neu5Ac was detected as the major molecular species of sialic acid in the EBN extract from S1 (96.8% of total sialic acid) ( Fig. 3A-a, b) . Peak 2 in panel c is much higher than that in panel b. After alkali hydrolysis with 1N NaOH for 3 h at 37 • C, peak 2 became lower and peak 1 became higher (panel d), indicating that the EBN extract from S2 has an O-acetyl sialic acid species. We further examined the linkages between nonreducing terminal sialic acid to Gal in the EBN extract using sialic acid-Gal linkage-specific lectins by SDS-PAGE (Fig. 3B ). Since MAA (specificity for sialic acid terminally linked 2-3 to Gal in N-glycan and O-glycan) bound strongly to the EBN extract from S1 and weakly to the EBN extract from S2, it is possible that MAA can not bind to O-acetyl sialic acid to Gal linkage. On the other hand, SNA [specificity for sialic acid terminally linked 2-6 to Gal (or GalNAc) in N-glycan] did not react with either of the EBN extracts. These findings suggest that the sialyl-glycoconjugates of the EBN extract from S1 have Neu5Ac␣2-3Gal linkages and that the EBN extract from S2 also have an O-acetylated Neu5Ac, while Neu5Ac is the major sialic acid species. These sialyl glycoconjugates containing Neu5Ac2-3Gal linkages may act as the main inhibitor of influenza virus infection.
Discussion
In this study, we found that the EBN extract had a potent inhibitory activity against infection of host cells with human, avian, and porcine influenza viruses. The effect is mediated by the Neu5Ac residues of sialyl-sugar chains in the EBN extract. We also found that the inhibitory activity of EBN extract against influenza virus was markedly enhanced by treatment with a pancreatic enzyme (Pancreatin F) that contains protease to hydrolyze glycoproteins to glycopeptides. We noted the EBN extracts that were not treated with a pancreatic enzyme could be bound by influenza viruses but had no effect on HAI or the neutralization of influenza virus infection in MDCK cells, indi- EBN extracts from S1 and S2 (0.2 mg/lane) were examined. SDS-PAGE was performed with 10-15% polyacrylamide gels. Nitrocellulose transfers were incubated with MAA lectin specific for sialic acid ␣2-3 Gal or with SNA lectin specific for sialic acid ␣2-6 Gal on the N-glycan. That was visualized according to the protocol provided by the manufacturer (glycan determination kit; Boehringer Mannheim Biochemicals, Mannheim, Germany).
cating small molecular of the EBN extract was more propitious for its anti-viral effect.
In a general way, the hemagglutination of viruses propagated in chicken eggs preferentially binds to receptors with a silaic acid bond to the adjacent sugar via ␣2-3 linkage, whereas the HA of human MDCK-grown viruses preferentially binds to receptors with a silaic acid bond to the adjacent sugar via ␣2-6 linkage. We determined the effects of the EBN extract on viruses propagated in chicken eggs and also on recent viruses [strains A/Shizuoka/450/05 and A/Shizuoka/451/05 (H3N2)] isolated from influenza patients in February 2005 and cultured in A549 cells, human lung carcinoma cells that express both sialyl ␣2-3 and ␣2-6 linkages. The inhibitory effects of the EBN extract on strains A/Shizuoka/450/05 and A/Shizuoka/451/05 (H3N2) were similar to those on other strains used in this study.
The data obtained from lectin blotting showed that Neu5Ac␣2-3Gal linkage was the major molecular species of sialic acid in the EBN extract. Why could the EBN extract inhibit infection of recently isolated influenza viruses? We have recently reported that sialic acid-free components from bacteria (Guo et al., 2001; Nakata et al., 2000) and sulphatide (Suzuki et al., 1996 (Suzuki et al., , 2003 also have some inhibitory effects on influenza A virus infection. The EBN extract may contain some Neu5Ac␣2-6Gal linkages since the lectin SNA can not detect the Neu5Ac␣2-6Gal linkage in O-glycan and glycolipids (Dalziel et al., 1999) .
We do not know why there is a difference between EBNs from the wild and cultured environments. One possible reason is that the saliva of the wild swift and that of the cultivated swift are different. Another possibility is that the O-acetylated sialic acid residue in the EBN from the wild environment or in its harvest process is destroyed. Further investigation of this issue is needed.
Chinese have been consuming bird nests for hundreds of years, and most of them believe that EBN consists of several proteins and minerals that promote the generation and growth of human cells, rejuvenate human skin, and strengthen the immune system. Although Ou et al. (2001) reported that bird's nest is the common cause of food-induced anaphylaxis in children, which could lead to potentially life-threatening allergenic reactions, and the presence of a major allergen of 66 kDa in EBN . In this study, the proteins or peptides which had the best anti-influenza effect were some 10-25 kDa sialylglycoproteins of the EBN extract after with Pancreatin F. Although the proteins of over than 50 kDa (including a major allergen of 66 kDa) untreated with pancreatic enzyme could bind to influenza A virus, the neutralization against the virus infection not detected or was very low. Furthermore, the EBN extract showed no side effects, such as hemolysis and cytolysis, on erythrocytes and MDCK cells even at a higher concentration (4 mg/ml). Therefore, we think that the EBN extract (lower than 25 kDa) treated with Pancreatin F will become an effective and secure agent for anti-virus.
Many studies have validated several different sialyl linkages to galactose or N-acetylgalactosamine (Pozsgay et al., 1987; Reuter et al., 1989; Wieruszeski et al., 1987; Kakehi et al., 1994; Martin et al., 1977) in bird nests. Not only influenza A viruses but also other microbes, such as influenza B and C viruses, parainfluenza virus, Newcastle disease virus, rotavirus, coronavirus and bacteria (cholera), recognize sialic acid and its derivatives, O-acetylated sialic acid-containing sugar chains as its receptor (Guo et al., 1998; Schultze et al., 1990; Suzuki et al., 2001a,b; Sillerud et al., 1981) . Although the O-acetylated sialic acid-containing sugar chains in the EBN are not a good source of the inhibitory activity for influenza A viruses, they may have an effective roles against other viruses which recognize O-acetylated sialic acid, such as influenza C virus and coronavirus.
We have searched the way of the harvest of the cultured house and wild cave bird nests and also their processing in the market, but could not obtain any more detailed information on them. Therefore, we have no clear answer on the difference of the binding and inhibitory activities between EBN from the wild and from cultured environments. One reason of the low binding and inhibitory activity in S2 rather than S1 may due to in the presence of O-acetylated sialyl sugar chains in S2 which do not bind and inhibit the influenza A and B viruses.
Taken together, the results suggested that EBN is a safe and valid natural source for the prevention of influenza viruses in vitro, however, the detailed in vivo effect of the inhibition of the influenza viruses by EBN should be evaluated.
